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Since 2013, avian influenza A(H7N9) viruses have
diversified into multiple lineages by dynamically re-
assorting with other viruses, especially H9N2, in Chi-
nese poultry. Despite concerns about the pandemic
threat posed by H7N9 viruses, little is known about
the biological properties of H7N9 viruses that may
recruit internal genes from genetically distinct H9N2
viruses circulating amongwild birds. Here, we gener-
ated 63 H7N9 reassortants derived from an avian
H7N9 and a wild-bird-origin H9N2 virus. Compared
with the wild-type parent, 25/63 reassortants had
increased pathogenicity in mice. A reassortant con-
taining PB1 of the H9N2 virus was highly lethal to
mice and chickens but was not transmissible to
guinea pigs by airborne routes; however, three sub-
stitutions associated with adaptation to mammals
conferred airborne transmission to the virus. The
emergence of the H7N9-pandemic reassortant virus
highlights that continuous monitoring of H7N9 vi-
ruses is needed, especially at the domestic poultry/
wild bird interface.
INTRODUCTION
Influenza A viruses (IAVs) have a negative-sense RNA genome
containing two surface glycoprotein genes (hemagglutinin [HA]
and neuraminidase [NA]) and six internal genes (polymerase
basic [PB] 2, PB1, polymerase acidic [PA], nucleoprotein [NP],
matrix [M], and nonstructural protein [NS]). IAVs constantly
change through mutation and genetic reassortment, which can
occur when different influenza viruses infect the same cell. Ge-
netic reassortment is responsible for the generation of three ofCell Repfour documented pandemic viruses: influenza virus subtypes
H3N2 (1968), H2N2 (1957), and H1N1 (2009) (Sorrell et al., 2011).
On March 31, 2013, a novel avian influenza A(H7N9) virus was
reported in eastern China (Gao et al., 2013). Since then, 600
confirmed infections have been reported in humans, of which
more than 30% were fatal (World Health Organization, 2015).
The H7N9 virus possesses HA and NA genes of migratory
waterfowl origin and six internal genes from H9N2 viruses from
domestic poultry (Gao et al., 2013; Liu et al., 2013). Although
H7N9 viruses have not acquired the ability to cause human-to-
human transmission (Qi et al., 2013), they do have limited trans-
missibility among ferrets via respiratory droplets (Richard et al.,
2013; Zhang et al., 2013a). In less than 2 years, multiple geno-
types of H7N9 viruses have been identified and have been es-
tablished in China (Lam et al., 2015). Most of those viruses are
reassortants with poultry-derived H9N2 viruses (Cui et al., 2014).
H9N2 influenza A virus was first reported in 1966, and since
then, it hasbeen isolatedworldwide fromwild anddomestic avian
species. Our previous analysis of 571 H9N2 viruses showed a
high degree of genetic heterogeneity: a total of 98 genotypes
were represented among the 571 viruses (Dong et al., 2011). In
China, H9N2 viruses have been prevalent since the mid-1990s
(Sunet al., 2010), andamong those isolated fromchickens, a total
of 69 genotypes have been confirmed, one of which contributed
all six of its internal genes to the novel H7N9 virus and H10N8 vi-
rus (Pu et al., 2015; Xu et al., 2015). A fewH9N2 viruses have been
isolated from wild birds in China, and most that have been iso-
lated were clearly different from poultry-derived H9N2 viruses
(Wanget al., 2014a;Zhuet al., 2013, 2014). In the field, cross-spe-
cies transmission and genetic exchange of H9N2 viruses have
occurred between wild birds and poultry (Wang et al., 2014a).
Because many opportunities exist for wild birds and domestic
poultry to mix, it is likely that novel reassortants between the
H7N9 and wild bird H9N2 viruses will emerge. Thus, it is critically
important that an epidemic/pandemic preparedness plan should
be developed to respond to a potential outbreak of such viruses.orts 12, 1831–1841, September 22, 2015 ª2015 The Authors 1831
Figure 1. Genesis of the H9N2 Viruses by
Multiple Reassortment Events
Ovals represent virus particles. The eight gene
segments are horizontal bars (from the top: PB2,
PB1, PA, HA, NP, NA, M, and NS). Segments might
have originated from putative viruses, as indicated:
purple, HK/1073/99-like virus; yellow, HK/Y439/97-
like virus; black, BJ/1/94-like virus; cyan, HK/G9/
97-like virus; blue, IR/ZMT-101/98-like virus; and
brown, SH/F/98-like virus. Dashed arrow indicates
an interspecies gene transmission. Animal symbols
denote the virus origin. Genotype identifications
were assigned according to themean isolation time
of viruses with the same genotype (G). Abbrevia-
tions of H9N2 viruses: BJ/1/94, A/chicken/Bei-
jing/1/1994; HK/Y439/97, A/duck/Hong Kong/
Y439/1997; SH/F/98, A/chicken/Shanghai/F/1998;
HK/Y280/97, A/duck/Hong Kong/Y280/1997; HK/
G9/97, A/chicken/Hong Kong/G9/1997; GX/55/05,
A/chicken/Guangxi/55/2005; JX/wx2/04, A/swine/
Jiangxi/wx2/2004; HK/NT155/08, A/chicken/Hong
Kong/NT155/2008; SH09, A/sparrow/Shanghai/
09/2013; IR/ZMT-101/98, A/chicken/Iran/ZMT-
101/1998; HK/1073/99, A/Hong Kong/1073/1999;
SW/4932/04, A/mallard/Sweden/4932/2004; SD/
w4/03, A/swine/Shandong/w4/2003; and BJ/16/
12, A/brambling/Beijing/16/2012. See also Fig-
ure S1 and Table S1.However, before a tailored plan can be developed, a risk assess-
ment must be conducted to evaluate the pathogenicity and
transmissibility of these potential reassortants. The purpose of
our study was to assess the risk of potential reassortants con-
taining HA and NA from a chicken-origin H7N9 epidemic virus
plus six other genes from either the H7N9 virus or a wild-bird-
origin contemporary H9N2 virus. Our results showed that, in
mice, the resulting 25 H7N9 hybrid viruses are more pathogenic
than the parent H7N9 virus, and one hybrid virus, r2, was highly
pathogenic for mice and chickens. Fortunately, this lethal virus
did not transmit among guinea pigs by aerosolized respiratory
droplets. However, three host-range-associated substitutions
(HA Q226L, G228S, and PB2 E627K; Q, Gln; L, Leu; G, Gly
and S, Ser) in the lethal H7N9 virus could confer the capability
for such transmission. Our results also showed that RNA poly-
merase complexes containing the PB1 gene of the wild bird
H9N2 virus exhibited increased activity.
RESULTS
Wild-Bird-Origin H9N2 Viruses Differ Genetically from
Domestic-Poultry-Derived Epidemic H7N9 and H9N2
Viruses
We performed a large-scale genomic sequence analysis of
649 H9N2 viruses isolated from various species during 1966–
2014. On the basis of clade classification, these viruses were
divided into 87 genotypes, 31 of which were found in the wild
bird H9N2 viruses (Table S1). Phylogenetic analysis showed
that most of the wild-bird-origin H9N2 viruses were genetically
distinct from the poultry H9N2 viruses (Figure S1), indicating
genotypic differences between the H9N2 viruses isolated from
wild birds and those from poultry.1832 Cell Reports 12, 1831–1841, September 22, 2015 ª2015 The ATo recognize and anticipate the risk from wild bird H9N2
virus gene pools, we chose a strain A/sparrow/Shanghai/09/
2013(H9N2) (SH09) as a representative virus to reassort with a
prevalent strain A/chicken/Hangzhou/174/2013(H7N9) (HZ174).
Each of the six internal genes of the H7N9 virus clustered with
the genotype 81 (G81) H9N2 viruses (Figure S1). These genes
were genetically close to those of strain A/brambling/Beijing/
16/2012(H9N2) (BJ16) (G81), which was considered the putative
donor of six internal genes of the novel H7N9 viruses (Gao et al.,
2013). Internal genes of SH09 (G85) were derived from three
main lineages of H9N2 viruses: A/chicken/Beijing/1/1994 (PB2,
PB1, M, and NS genes) (G24), A/duck/Hong Kong/Y439/1997
(PA gene) (G6), and A/chicken/Hong Kong/G9/1997 (NP gene)
(G7) (Figure 1). These lineages have been responsible for most
subtype H9N2 influenza outbreaks in Asia (Guo et al., 2000).
The internal genes of SH09 virus differed genetically from
those of BJ16 virus, especially in polymerase segments PB2
(86.1% shared identity at the nucleotide level), PB1 (88.4%
shared identity), and PA (88.4% shared identity). These findings
indicated that the internal genes of strain SH09 and strain BJ16
formed gene constellations separate from that for H9N2 viruses
in China (Figure 1).Wild-bird-derived SH09 virus was a represen-
tative virus, possessing diverse H9N2 virus segments that have
circulated in the field. For that reason, the internal genes of the
SH09 virus may provide information for assessing the risk of
genetically diverse pools that serve as donors of the H7N9 virus
internal genes.
SH09 Internal Genes Contribute to the Genesis of the
H7N9 Viruses
To assess the risk from an H7N9 reassortant with this
unique wild-bird-origin virus, we attempted to generate alluthors
Table 1. Reassortant Viruses of Higher Pathogencity Than that of rHZ174 Virus
Virusa
Parent Origin of Genes in Hybrid Virusesb
Egg Died, HAUc
Virus Titer, log10 TCID50 /ml
d
Weight
Change, %eHA NA PB2 PB1 PA NP M NS Stock Lung
rHZ174 H H H H H H H H Yes, 512 5 ± 0.6 2.2 ± 0.2 2.3
Virulence group I
r1237 H H S S S H S H Yes, 1,024 4.8 5.1 ± 0.3 29.2
r2 H H H S H H H H Yes, 512 7.3 ± 0.1 5.8 ± 0.2 29.0
r25 H H H S H S H H No, 1,024 6.0 ± 0.2 4.9 ± 0.1 29.0
r1357 H H S H S S S H Yes, 1,024 5.3 ± 0.1 4.4 27.8
r358 H H H H S S H S Yes, 256 5.6 ± 0.3 3.9 ± 0.3 26.0
Virulence group II
r258 H H H S H S H S No, 2,048 5.4 ± 0.2 2.2 23.4
r257 H H H S H S S H No, 1,024 5.3 ± 0.1 2.8 ± 0.2 22.9
r235 H H H S S S H H Yes, 256 7.2 ± 0.2 5.0 ± 0.4 22.0
r5 H H H H H S H H No, 1,024 4.1 ± 0.1 2.1 ± 0.1 20.6
r1358 H H S H S S H S No, 256 5.9 ± 0.1 2.2 ± 0.1 20.4
r3 H H H H S H H H Yes, 256 4.8 ± 0.2 3.8 ± 0.8 19.3
r28 H H H S H H H S No, 512 4.7 ± 0.2 1.3 ± 0.1 17.2
r35 H H H H S S H H Yes, 256 7.7 ± 0.4 2.9 15.7
r23 H H H S S H H H Yes, 256 6.6 ± 0.3 2.9 ± 0.1 15.0
r357 H H H H S S S H Yes, 512 6.1 ± 0.2 3.0 ± 0.3 14.0
r238 H H H S S H H S Yes, 256 >0.3 2.5 ± 0.2 13.1
r27 H H H S H H S H Yes, 1,024 5.4 ± 0.1 2.6 ± 0.3 13.0
r123578 H H S S S S S S No, 256 5.6 ± 0.1 2.9 12.0
r2358 H H H S S S H S Yes, 128 8.1 ± 0.1 2.9 ± 0.1 11.0
r12357 H H S S S S S H Yes, 1,024 4.8 ± 0.3 2.3 ± 0.1 9.8
r23578 H H H S S S S S Yes, 256 6.7 ± 0.1 2.2 ± 0.1 9.0
r125 H H S S H S H H Yes, 512 5.5 ± 0.1 2.7 9.0
r278 H H H S H H S S No, 1,024 5.4 ± 0.2 2.1 7.0
r2357 H H H S S S S H Yes, 256 7.2 ± 0.1 2.8 ± 0.1 6.5
r1235 H H S S S S H H Yes,128 6.1 ± 0.1 2.7 6
Data are means ± SDs of results from two experiments. 100 ml transfection supernatant was inoculated into three 10-day-old specific-pathogen-free
(SPF) chicken eggs to produce virus stocks. 72 hr later, the eggs died or survived. The pathogenicity of each virus was evaluated by intranasally inoc-
ulating 40 groups of eight mice with 104 tissue culture infectious doses (TCID50) or stock titer of a virus in a volume of 100 ml. On day 3 after inoculation,
three animals were euthanized for tissue samples. The five remaining mice were monitored for 2 weeks for weight loss and death. See also Table S2.
aIn virus names, the letter r denotes reassortant. Six internal genes derived from avian influenza A/sparrow/Shanghai/09/2013(H9N2) virus (SH09) were
numbered as follows: 1, PB2; 2, PB1; 3, PA; 5, NP; 7, M; and 8, NS.
bH indicates genes derived from the HZ174 virus; S indicates genes derived from the SH09 virus.
cThe hemagglutination unit (HAU) per 50 ml was defined.
dVirus titers were determined by TCID50 assays on Madin-Darby canine kidney (MDCK) cells.
eMaximum mean weight changes are shown. +, mice gained body weight; , mice lost body weight.of the 63 possible reassortants (64 minus 1 parental virus)
possessing HA and NA genes from the H7N9 virus plus six
internal genes from either HZ174 or SH09 viruses. Six internal
genes derived from SH09 virus were numbered as follows: 1,
PB2; 2, PB1; 3, PA; 5, NP; 7, M; and 8, NS. A total of 38 vi-
ruses were viable (Tables 1 and S2); the other 25 possible re-
assortants did not generate or were unable to grow in eggs
(Table S2).
Of note, 14 viable viruses did not kill specific-pathogen-free
(SPF) chicken embryonated eggs 72 hr post-inoculation (p.i.)
(Tables 1 and S2). Up to 23.4% of reassortants that bore
the SH09 PB2 gene did not replicate (Table S2). However,Cell Repall but 2 (r1278 and r2578) of the 32 viruses containing
SH09 PB1 replicated efficiently in eggs (Tables 1 and S2). In
contrast, 74.2% (23/31) of the viruses containing HZ174 PB1
did not replicate in eggs (Table S2). Some reassortants con-
taining one SH09 gene and seven HZ174 genes (e.g., r1, r7,
and r8) did not grow efficiently (Table S2). However, when
HZ174 PB1 was replaced with SH09 PB1 in the same back-
ground, virus rescue efficiency increased to 104 tissue culture
infectious doses (TCID50)/ml (see r27, and r28 viruses in Table
1 and r12 in Table S2). Further introduction of SH09 PA and
NP genes into this gene constellation enhanced replication
up to 106 TCID50/ml (see r1235, r2357, and r2358 viruses inorts 12, 1831–1841, September 22, 2015 ª2015 The Authors 1833
Figure 2. Correlation of the Pathogenicity
and the Polymerase Activity of the H7N9 Re-
assortants
(A) Pathogenicity of the H7N9 reassortants. Colors
indicate differences in virulence; red, highly path-
ogenic viruses; yellow, moderately pathogenic
viruses; blue, viruses with pathogenicity similar
to or lower than that of reassortant HZ174 virus
(rHZ174); gray, nonviable viruses. The virus
nomenclature is described in the footnote to
Table 1.
(B) Polymerase activity level. The assays were
performed at 37C (red bars) and 33C (purple
bars) in HEK293 cells. Values shown are means ±
SDs of three independent experiments and are
standardized to those of HZ174 measured at
37C. Horizontal dashed lines indicate the per-
centage of the HZ174 virus polymerase activity:
black line, 100%; blue line, 25%; gray line, 0.5%.
The chart below the graph shows the parent
subtype origin of the ribonucleoprotein (RNP)
complex; the source of polymerase proteins is
indicated by chicken (the HZ174 virus) and bird
(the wild bird H9N2 virus) symbols.
See also Tables 1 and S2.Table 1). These results show that SH09 internal genes PB1,
PA, and NP may contribute to the replication of the H7N9
virus.
Polymerase and Matrix Genes of the H9N2 Virus
Increase Pathogenicity of the H7N9 Viruses
According to their pathogenicity in mice, we separated 38
viruses into three groups. Group I consisted of five viruses
that were highly pathogenic to mice (Figure 2A, viruses shown
in red). Mice infected with these viruses lost >25% of their
body weight (Figure 3A), and macroscopic lesions and focal
discolorations were observed in their lungs (Figure S2A).
H&E staining showed that viruses of this group caused severe
interstitial pneumonia and bronchopneumonia characterized
by alveolar wall thickening, hemorrhagic lesions, and exten-
sive inflammatory infiltrates (Figure S2B). Three (r2, r1237,
and r1357) viruses of the group killed mice (Figure S2C).
Furthermore, one virus, r2, was lethal to mice (mean survival
time < 5.8 days) (Figure S2C) and replicated to high titers in
lungs (105.8 TCID50/ml) and brains (10
4.2 TCID50/ml)
(Figure S2D).
Group II consisted of 20 viruses that showed intermediate
pathogenicity (Figure 2A, viruses shown in yellow). Mice infected
with group II viruses survived but experienced 5%–25% weight
loss (Figures 3B–3D).
Group III consisted of 13 viruses that showed pathogenicity
similar to or lower than that of reassortants HZ174 (Figure 2A,
viruses shown in blue). All mice inoculated with group III vi-
ruses survived and displayed only transient weight loss or
no weight loss (Figures 3E and 3F). Of note, with one excep-
tion (r5), all reassortants that caused weight loss >10% of the1834 Cell Reports 12, 1831–1841, September 22, 2015 ª2015 The Authorsmaximum mean body weight contained
PB1 or PA of SH09 (Table 1). These re-
sults show that H7N9 viruses with sub-stantial virulence can be generated if the virus obtains genet-
ically different internal genes.
PB1 of SH09 Increases the Polymerase Activity of the
H7N9 Virus
To determine themechanism underlying differences in the emer-
gence and virulence of phenotypes, we studied the activity of 16
ribonucleoprotein (RNP) combinations of PB2, PB1, PA, and NP
from the HZ174 virus or the SH09 virus by measuring the activity
of luciferase at 33C and 37C (Massin et al., 2001), tempera-
tures that simulate the temperature of human upper and lower
respiratory tracts, respectively. At 33C, the RNP complex of
wild-type H7N9 (wtH7N9) exhibited 50% of the activity observed
at 37C (Figure 2B). These heterologous RNP complexes often
showed less activity than that of wtH7N9 at both temperatures
(Figure 2B, bars extending below the black horizontal dashed
line); however, two combinations were more active: (1) SH09
PB1 with HZ174 PB2, PA, and NP and (2) SH09 PB1 and NP
with HZ174 PB2 and PA (Figure 2B). Among all 16 combinations
tested at both temperatures, the RNP complex HZ174 PB2, PA,
and NP with SH09 PB1 exhibited the highest activity (15-fold in-
crease at 37C and 10-fold increase at 33C). However, RNP
combinations containing SH09 PB2 and PA or NP showed less
activity than that shown by wtH7N9 at both temperatures. These
results suggest that the introduction of SH09 PB1 significantly in-
creases the RNP activity of the H7N9 virus.
The Genesis and Virulence of the H7N9 Viruses Are
Polygenic Traits
We further analyzed the effect of RNP activity on the genesis and
virulence of the H7N9 viruses. Most viable reassortants
Figure 3. Weight Change in Mice
The pathogenicity of H7N9 reassortants was
evaluated by inoculating 40 groups of mice intra-
nasally with 104 TCID50 or stock titer of a test
virus in a volume of 100 ml. Control mice were
inoculated with PBS. Fivemice were monitored for
weight loss and death during the 2-week obser-
vation period. Results are expressed as themeans
of results for five mice. Virus nomenclature is
described in the footnote to Table 1. Reassortants
caused >25% body weight loss (A), 20%–25%
body weight loss (B), 10%–20% body weight loss
(C), 5%–10% body weight loss (D), 0%–5% body
weight loss (E), or no weight loss (F). See also
Tables 1 and S2.contained RNP complexes with high or moderate activity (Fig-
ure 2B, bars extending above the blue horizontal dashed line). Vi-
ruses with very low RNP activity did not generate (Figure 2B,
those below the gray horizontal dashed line). Without exception,
RNPcomplexes containing SH09PB1 showedmore activity than
RNP complexes containing HZ174 PB1 (Figure 2B). We gener-
ated 93.8% of all possible reassortants with SH09 PB1 and
25.8% of the possible reassortants with HZ174 PB1 (Figure 2A).
At both temperatures,more activitywas shownbyRNPcombina-
tions containing HZ174 PB2 than by RNP combinations contain-
ingSH09PB2 (Figure 2B).Wegenerated 22possible viruses con-
taining HZ174 PB2 and 17 viruses containing SH09 PB2. These
results indicate that SH09 PB1 and HZ174 PB2 are the key
RNP proteins contributing to the genesis of the H7N9 viruses.
With two exceptions (r1237 and r1357), all reassortants with
RNP complex activity >25% of that for wtHZ174 caused >20%
weight loss in mice (Table 1; Figure 2). The virus with the highest
RNP activity was highly lethal for mice. The RNP complex activ-
ities of r1237 and r1357were2%of that for wtHZ174, but these
reassortants caused significant weight loss (>25%) and death
(three out of five animals) inmice. These results indicate thatmul-
tiple factors (e.g., RNP and M gene) elevate the virulence of the
H7N9 viruses.
Truncated PB1-F2 Protein Elevates the Virulence of the
H7N9 Virus in Mice
To elucidate the molecular basis for the difference in virulence,
we aligned the PB1-F2 proteins encoded by the +1 readingCell Reports 12, 1831–1841, Sepframe of PB1 of HZ174 and SH09 viruses
(Chen et al., 2001). An amber codon at
nucleotide positions 332–334 in PB1 of
SH09 caused a deletion of 11 amino
acids at the C terminus of PB1-F2 (Fig-
ure 4A). To investigate the role of this
deletion, we cloned amutant r2 virus con-
taining a single A-to-G nucleotide muta-
tion at position 333 of SH09 PB1
(r2PB1-333G) and other mutant virus
containing a single G-to-A nucleotide
mutation at position 333 of HZ174 PB1
(HZ174PB1-333A); all remaining genes
were from the wtHZ174 virus. Weanalyzed the viral phenotype of the mutants in Madin-Darby
canine kidney (MDCK) cells and mice. r2PB1-333G did not
form visual plaque, whereas r2 formed plaques of 3 mm
in diameter (Figure 4B). r2PB1-333G caused a slight weight
loss (<5%) in mice (Figure 4C). HZ174PB1-333A produced
pinpoint plaques that were larger than those created by
rHZ174 (Figure 4B) and caused weight loss in mice (>18%) (Fig-
ure 4C) and classical pneumonia and death (one out of five ani-
mals) (Figures 4D and 4E). Therefore, the A-to-G nucleotide sub-
stitution in SH09 PB1 attenuated the virulence of the r2, whereas
the G-to-A nucleotide substitution in HZ174PB1 contributed
to the virulence of the wtH7N9 virus. These results indicate
that the truncated PB1-F2 protein may be an important contrib-
utor for the virulence of the H7N9 virus.
The Reassortant Virus r2 Is Highly Pathogenic in
Chickens
To date, H7N9 viruses have been avirulent in poultry (Zhang et al.,
2013a). To test the pathogenicity of the H7N9 reassortants in
chickens, we used rHZ174, r2, and r25 as the representative vi-
ruses. No chickens inoculated intravenously (i.v.) with r25 or
rHZ174 showed signs and symptoms of disease during the
10-day observation period, yielding an intravenous pathogenicity
index (IVPI) of 0 (Table S3). However, ten chickens inoculated i.v.
with r2 died on p.i. day 2, yielding an IVPI index of 2.76 and indi-
cating that r2 was highly pathogenic for chickens (Table S3).
Six additional chickens that were exposed to r2-infected
chickens showed signs and symptoms of disease similar totember 22, 2015 ª2015 The Authors 1835
Figure 4. Phenotypes of the H7N9 Viruses
with Diverse PB1-F2 Proteins
(A) Multiple amino acid alignment of PB1-F2 pro-
teins. The Rasmol coloring scheme in CLC Main
Workbench was used; it shows different proper-
ties of amino acids. Amino acids in the black box
are an interesting region. Abbreviations of H7N9
viruses: AH1, A/Anhui/1/2013; SH1, A/Shanghai/
1/2013; SH2, A/Shanghai/2/2013; HZ1, A/Hang-
zhou/1/2013; TW1, A/Taiwan/1/2014; and
PgS1069, A/Pigeon/Shanghai/S1069/2013. They
were downloaded from the EpiFlu Database
(GISAD; http://platform.gisaid.org/epi3/). Mutants
are indicated in bold.
(B) Plaque phenotype of the H7N9 viruses, which
were determined by inoculating confluent MDCK
cells in a six-well plate with 103 TCID50 of a test
virus in a 100-ml volume. The pathogenicity of
H7N9 mutants was tested by inoculating two
groups of mice intranasally with 104 TCID50 r of a
test virus in a volume of 100 ml.
(C) Weight change.
(D) Representative lung lesions.
(E) Mortality.those in the r2-infected chickens (Figures 5A–5H), and they had
similarly high virus titers in multi-organs (Figure 5I). In contrast,
chickens exposed to the wtHZ174 or r25 viruses only shed virus
for 7 days. All tested H7N9 viruses were transmitted among
chickens (Figure S3).
We also challenged ducks with the rHZ174 and r2 viruses.
These viruses were detected in the challenged ducks, but all
ducks remained asymptomatic (W.S. and H.H., unpublished
data). These findings show that the H7N9 reassortants, like the
current existing highly pathogenic non-reassortant avian influ-
enza H5 or H7 subtype viruses, display phenotypes in poultry.
Substitutions to the H7N9 Virus r2 Confer Airborne
Transmissibility among Guinea Pigs
Pandemic influenza viruses might emerge by reassortment
(Zhang et al., 2013b). Similar to a strain A/Anhui/1/2013(AH1)1836 Cell Reports 12, 1831–1841, September 22, 2015 ª2015 The Authors(Shi et al., 2013b), rHZ174 virus bound
to avian and human receptor analogs
(Figure S4). To test the transmissibility of
the H7N9 viruses among mammals, we
chose r2 and r1237 with substantial viru-
lence because they had significantly
different RNP activity (Figure 2B). Both vi-
ruses were detected in the virus-inocu-
lated guinea pigs (Table 2). Of note,
average virus titers in nasal wash were
30-fold higher in animals inoculated
with r2 virus than in animals inoculated
with r1237 virus (Figure S5A). Virus was
not detected in any of the non-inoculated
guinea pigs exposed to infected animals.
In addition, seroconversion occurred only
in the virus-inoculated animals (Table 2).
Therefore, r2 and r1237 viruses were un-able to be transmitted between guinea pigs by respiratory drop-
lets, possibly because they belong to avian genotype (To et al.,
2014).
To define what may drive airborne transmission of the H7N9
viruses, we introduced three amino acid substitutions into a virus
r2, Q226L/G228S in the HA and E627K in the PB2 of HZ174, all of
which increase affinity for human host. We rescued r2HA Q226L,
G228S and r2HA Q226L, G228S, PB2 E627K (containing PB1 of SH09
in the background of HZ174). These viruses caused significant
weight loss (>20%) in mice (Figure S5B). Amino acid substitu-
tions HA Q226L, G228S, and PB2 E627K did not affect virus
replication in lungs; virus titers were similar to those seen in
the r2-inoculated guinea pigs (Figure S5C). However, these intro-
ductions resulted in a 100-fold increase in virus titers of the upper
respiratory tract, compared with titers in r2-inoculated animals
(Figure S5A). We then investigated the transmissibility of these
Figure 5. Pathogenicity of the H7N9 Reas-
sortant in Chickens
Groups of six SPF chickens were inoculated
intranasally with 106 TCID50 of the virus (r2). 24 hr
later, three immunologically naive chickens were
placed in the same cage with the virus-inoculated
chickens and monitored for 2 weeks for virus
transmission. Tissues were collected and ho-
mogenized in a 1-ml volume of PBS for virus
titration in MDCK cells.
(A–H) Gross lesions on infected chickens:
cyanosis of head (A), hemorrhagic skin of legs (B),
thigh muscles showing hemorrhagic streaks (C),
breast fat showing extensive hemorrhages (D),
heart showing hemorrhages (E), lung showing
extensive hemorrhages (F), duodenum showing
hemorrhagic spots (G), and bursa of Fabricius
showing hemorrhagic spots (H).
(I) Virus replication in the organs of chickens
experimentally infected with avian influenza virus
and of immunologically naive chickens exposed to
infected chickens. Dashed horizontal line is the
lower limit of detection.
See also Figure S4 and Table S4.mutants in guinea pigs; both were detected in all virus-inocu-
lated animals (Figure S5A). In the transmission experiments,
virus was detected in one immunologically naive guinea pig
exposed to guinea pigs inoculated with r2 HA Q226L, G228S, and vi-
rus was detected in all three naive animals exposed to guinea
pigs inoculated with r2 HA Q226L, G228S PB2 E627K (Table 2). Virus
was recovered from positive nasal washes by serial propagation
in SPF eggs, but not in MDCK cell culture. These recovered
viruses were sequenced, but no amino acid changes were de-
tected. Seroconversion occurred in the virus-inoculated
animals and in the non-inoculated, virus-exposed animals that
were positive for virus (Table 2). These results imply that these
H7N9 mutants are transmitted between guinea pigs by airborne
respiratory droplets.
Substitutions in HA Changes the Receptor Specificity of
the H7N9 Virus
To study the function of substitutions in HA, we analyzed viral
receptor-binding preference by using solid-phase binding as-
says. Not surprisingly, r2 bound to 30SLNLN (avian-like recep-
tor) and to 60SLNLN (human-like receptor) (Figure S4). In
contrast, r2HA Q226L, G228S and r2HA Q226L, G228S, PB2 E627K spe-
cifically bound to 60SLNLN, with significantly higher affinity for
60SLNLN than for 30SLNLN (Figure S4). This affinity for 60SLNLN
was similar to that seen in the 2009 pandemic influenza
A(H1N1)pdm09 virus, which had typical human receptor spec-
ificity (Figure S4). These results show that substitutions in HA
result in a switch in HA receptor specificity from the dual recep-
tor-binding property (i.e., avian and human) to the human re-
ceptor-binding preference. Findings from a previous study sug-Cell Reports 12, 1831–1841, Sepgested that substitution L226Q in HA did
not change the dual receptor property of
H7 HA (Shi et al., 2013b). Thus, substitu-tion G228S in HA may be responsible for the receptor binding
change.
DISCUSSION
Subtype H7N9 influenza virus continues to develop, raising the
urgent need to recognize when and if this pathogen may evolve
into a phenotypewith pandemic potential. The existing risk asso-
ciated with the H7N9 virus is not expected to change (World
Health Organization, 2015; Zaraket et al., 2015). However,
H9N2 viruses and other influenza viruses have markedly com-
plex genotypes around the world (Jiang et al., 2012), especially
the genetically diverse wild bird H9N2 viruses. Thus, it is inevi-
table that the novel H7N9 virus will further diversify into far
more complicated genotypes (Cui et al., 2014; Lam et al.,
2015; Lu et al., 2014; To et al., 2014), and gene pools from other
viruses may exchange with the H7N9 virus and substantially in-
crease its virulence. To evaluate the risk that potential H7N9 re-
assortants would pose to mammals, we used the genetically
different H9N2 wild bird virus SH09 as the gene donor for gener-
ating H7N9 viruses. Results showed that heterogeneous poly-
merase genes (PB1 and PA) and M gene contribute to the gene-
sis of the H7N9 viruses with substantial virulence. One of the
reassortants, r2, a lethal virus to mice and chickens, did not
transmit by respiratory droplets in guinea pigs; however, three
substitutions associated with adaptation to mammals changed
the r2 to an airborne virus.
The donated heterogeneous genes contribute to the genesis
of the H7N9 viruses with substantial virulence. In the lethal
H7N9 virus, the SH09 PB1 gene was the only segment thattember 22, 2015 ª2015 The Authors 1837
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1838 Cell Reports 12, 1831–1841, September 22, 2015 ª2015 The Awas exchanged; the same change was seen in the 1957 and
1968 pandemic viruses. However, the role of the avian PB1
genes in the previous pandemic strains remains largely un-
known. Findings from previous studies have indicated that PB1
genes not only enhance the pathogenicity of IAVs (Chen et al.,
2001; Zamarin et al., 2006) but also may increase the pandemic
potential of novel viruses during the early stages of emergence
by conferring enhanced replication and virulence properties
that allow the virus to prevail over seasonal influenza viruses
(Chen et al., 2008). The selection of the PB1 gene in the genesis
of the H7N9 viruses and its ability to enhance the pathogenicity
of the H7N9 viruses were observed in our study. Of note, the
PB1 gene also plays a role in virus tissue tropism, as evidenced
by the high-titer replication of the PB1-bearing r2 virus in brains.
Similar PB1-associated enhanced replication was previously
seen in the first H7N9 strain isolated from a patient, A/
shanghai/1/2013 strain (Zhang et al., 2013a), which differs phylo-
genetically from other H7N9 viruses (Gao et al., 2013; Liu et al.,
2013). These findings imply that genetically diverse PB1 may
be a critical factor in the disease mechanism, allowing the virus
to expand tissue tropism by enhancing virus replication.
The PB1 gene not only functions to enhance the activity of
polymerase but also encodes the truncated PB1-F2 protein,
which was responsible for the virulence of the lethal H7N9 virus.
H9N2 viruses possessing the PB1-like gene have circulated in
domestic animals, including pigs (Figure S1). Furthermore, other
subtypes of IAVs (e.g., H1N1, H3N2, and H5N1) also encoded
the truncated PB1-F2 protein (Chakrabarti and Pasricha, 2013).
In addition, the heterogeneous PA gene, together with the
M gene, contributes to the high virulence of the H7N9 virus in
mice. However, viruses bearing PA orM genes of SH09 generally
show less polymerase activity than that shown by the wtH7N9
virus. Thus, the PA and M genes are also two key virulence
genes. Of note, H9N2 viruses containing SH09-PA-like genes
were circulating in the Middle East (Kandeil et al., 2014); thus,
H7N9 virus may recruit these SH09-PA-like genes from these
prevalent gene pools, and evolve toward a virulent genotype
that would threaten poultry and humans.
Unlike the SH09 PB1, PA, and M genes, the heterogeneous
PB2 gene significantly decreased the genesis of the H7N9 virus.
The incompatibility of the wild bird PB2 gene with the H7N9 virus
may result from its adverse effect on polymerase activity. The
H7N9 PB2 gene has been shown to be a key gene contributing
to replication of the H7N9 virus in humans (Bi et al., 2015).
Thus, in the existing background, the H7N9 PB2 gene may be
a better fit than the PB2 gene derived from the SH/F/98 lineage.
Highly pathogenic avian influenza viruses (HPAIVs) continue to
cause high rates of death among poultry as well as sporadic
cases of infection in humans. HPAIVs evolved from low patho-
genic precursors by acquisition of a polybasic HA cleavage
site (Veits et al., 2012). In addition, HPAIVs can be generated
by reassortment between different influenza virus subtypes
(Guan et al., 1999; Li et al., 2010). In our study, highly pathogenic
H7N9 virus emerged from reassortment between a low patho-
genic H7N9 virus and a wild bird H9N2 virus. The lethal reassor-
tant (r2) caused an extremely contagious, multi-organ systemic
disease of chickens that caused high rates of death. Since their
first detection, H7N9 viruses have been continually detected inuthors
chickens (Shi et al., 2013a; Wang et al., 2014b; Wu et al., 2015),
suggesting the H7N9 viruses may be prevalent among poultry
(Lam et al., 2015). Once H7N9 viruses successfully recruit
SH09-PB1-like genes, they may cause devastating losses
among livestock poultry. Thus, effective H7N9 vaccines should
be developed to protect avian species against this potential
virus.
Although reassortment between H7N9 and H9N2 viruses
created H7N9 viruses with increased pathogenicity, the lethal
reassortant was not transmissible to guinea pigs by airborne res-
piratory droplets. Because the H7N9 virus bound preferentially
to an avian receptor analog and also bound to a human receptor
analog (Figure S4) (Shi et al., 2013b), cell-surface receptor
binding by influenza viruses theoretically should not restrict
the transmissibility of the virus (Herfst et al., 2012). However,
three substitutions associated with virus host range can confer
airborne transmissibility of the H7N9 virus between guinea
pigs. Substitutions in HA genes make mutants preferentially
bind to the human receptor analog, which suggests that H7N9
viruses that exclusively bind to human receptors may become
more transmissible in mammals.
So far, the spread of the H7N9 viruses among humans has
depended on air travel; two infected humans in Canada and
one infected human in Malaysia had recent histories of exposure
in China before the onset of symptoms(World Health Organiza-
tion, 2015). However, in Shanghai, China, an H7N9 virus has
been isolated from an apparently healthy sparrow, which may
indicate the potential for easier interspecies transmission of the
virus (Zhao et al., 2014). Wild birds, including sparrows, experi-
mentally infected with the H7N9 virus showed few signs of dis-
ease, but shedding of virus into the environment was detected
(Jones et al., 2014). In addition, in our study, the H7N9 infections
in ducks were avirulent. Thus, the nature of the H7N9 virus in wild
birds and ducks may facilitate the spread of the virus to wild
birds, domestic poultry, and humans, giving the virus the oppor-
tunity to reassort with genetically diverse H9N2 or other influenza
subtype viruses. At present, novel genotypes of H9N2 viruses
have been emerging, especially among wild bird H9N2 viruses
(Wang et al., 2014a; Xu et al., 2014; Zhu et al., 2013, 2014).
Our results show that genetically diverse H9N2 virus gene con-
stellations derived from the wild-bird-origin H9N2 virus further
increase the genetic diversity and virulence of the H7N9 virus.
Compared with the H9N2 virus used in the study, many H9N2
viruses are genetically far more diverse (Zhu et al., 2014). It is
currently unclear whether these H9N2 viruses provide most of
the genetic material for generating a genotype that initiates
more fulminating disease in either host animal. Therefore, our
results highlight the importance of active surveillance for both
H7N9 and H9N2 viruses, especially those at the interface be-
tween poultry and wild birds.
EXPERIMENTAL PROCEDURES
Biosafety and Facility
All experiments involving H7N9 viruses were performed in an Animal Biosafety
Level (ABSL) 3 containment laboratory in the Research Center for Wildlife Dis-
eases, which was approved by the Chinese Academy of Sciences. Experi-
ments with H9N2 viruses were conducted by using BSL-2 laboratory practices
and procedures. All relevant aspects of the experimental procedures wereCell Repapproved by the institutional biosafety committee of Research Center forWild-
life Diseases. The work in this study was conducted prior to the current China
Government gain-of-function stop work order. All animal studies were
approved by the Committee on the Ethics of Animal Experiments of the Insti-
tute of Zoology, Chinese Academy of Sciences (approval number: IOZ-15042).
Viruses
HZ174 virus was isolated from a sentinel chicken. SH09 virus was isolated
from an asymptomatic sparrow. Chickens and sparrows are in close contact
with humans at live bird markets, where they have been considered a major
source of H7N9 infections among humans (Wang et al., 2014b). We propa-
gated virus stock in 10-day-old SPF embryonated chicken eggs.
Sequence Analysis
Genome sequences of H9N2 viruses isolated from 1966 to 2014 were selected
from the Influenza Research Database (FluDB; www.fludb.org), the EpiFlu
Database (GISAID; http://platform.gisaid.org/epi3/), and the Influenza Virus
Resource (NCBI; www.ncbi.nlm.nih.gov/genomes/FLU). MEGA6 (http://
megasoftware.net/) was used to separately perform multiple nucleotide
sequence alignments. Genotype identifications were assigned according to
the average isolation time of all viruses with the same genotype. Previously
published accession numbers are listed in Table S4.
Mouse Experiments
Forty-four groups of eight 5- to 6-week-old female BALB/c mice (HFK Biosci-
ence) were lightly anesthetized with CO2 and inoculated intranasally (i.n.) with
104 TCID50 or stock titers of virus and PBS in a 0.1-ml volume; each group was
challenged with a different virus. Three mice in each group were euthanized on
p.i. day 3 for virus titration. The remaining five mice in each group were
observed for 2 weeks for weight change and death.
Chicken Experiments
To determined the IVPI in chickens, we i.v. injected 0.1 ml of each diluted virus
(hemagglutinin unit: 32) into 10 6-week-old SPF chickens (Merial Vital Labora-
tory), as described by the World Organisation for Animal Health (OIE) (OIE,
2012). Six additional chickens were i.n. inoculated with 106 TCID50 or stock
titers of virus and PBS in a 0.1-ml volume; each group was challenged with
a different virus. After 24 hr, three immunologically naive chickens were placed
in the same cage with the inoculated chickens and monitored for 2 weeks for
signs of virus transmission via direct contact. We collected oropharyngeal and
cloacal swab samples on p.i. days 2, 4, 6, 8, 10, and 12 from all virus-inocu-
lated chickens and on post-exposure days 1, 3, 5, 7, 9, and 11 from all exposed
chickens for virus titration. Sera were collected from all birds on p.i. day 14 for
HI antibody detection.
Guinea Pig Experiments
Hartley strain female guinea pigs weighing 300–350 g (Vital River Labora-
tories) were anesthetized by intramuscular injection of xylazine hydrochloride
(1 mg/kg) (General Station of Animal Husbandry and Veterinary Medicine, Bei-
jing, China). We i.n. inoculated four groups of three guinea pigs with 106
TCID50 or stock titers of the test virus in a 0.3-ml volume and housed the an-
imals in a cage placed inside an isolator for aerosol transmission. 24 hr later,
three immunologically naive guinea pigs were introduced into an adjacent
cage. Nasal washes were collected on p.i. days 2, 4, and 6 from the inocu-
lated animals and on post-exposure days 2, 4, 6, and 8 from the non-inocu-
lated guinea pigs for virus titration. Sera were collected from all animals on p.i.
day 21.
Minigenome Assays
The minigenome assays were performed at 33C and 37C. Four expression
plasmids, PB2, PB1, PA, and NP (0.5 mg each), from HZ174 virus or SH09 virus
were transfected into confluent human embryonic kidney (HEK) 293 cells
together with the luciferase reporter plasmid p-Luc (0.5 mg) and internal control
plasmid Renilla (0.02 mg). Cell lysates were analyzed 36 hr after transfection to
measure firefly (p-Luc) and Renilla luciferase activities by using a Dual-Lucif-
erase Reporter Assay System (Promega). Relative light units were calculated
as the ratio of firefly and Renilla luciferase.orts 12, 1831–1841, September 22, 2015 ª2015 The Authors 1839
Solid-Phase Binding Assays
A 2-fold dilution series starting at 5 mg/ml of biotinylated glycans 30SLNLN
(NeuAca2-3Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-SpNH-LC-LC-Biotin) and
60SLNLN (NeuAca2-6Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-SpNH-LC-LC-
Biotin) (Lectinity Holding) was prepared in PBS, and 0.1 ml was added to the
wells of 96-well Pierce Streptavidin High Binding Capacity Plates (Thermo
Fisher Scientific). Every well was incubated with the virus, specific chicken
antiserum, and horseradish-peroxidase-conjugated goat anti-chicken immu-
noglobulin Y (IgY) heavy- and light-chain antibody (Bethyl Laboratories).
Absorbance was determined at 450 nm.
All methods are described in detail in the in Supplemental Experimental
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